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We investigate the current injection into a ballistic conductor under the space-charge limited
regime, when the distribution function of injected carriers is an arbitrary function of energy Fc(ε).
The analysis of the coupled kinetic and Poisson equations shows that the injected current fluctuations
may be essentially suppressed by Coulomb correlations, and the suppression level is determined by
the shape of Fc(ε). This is in contrast to the time-averaged quantities: the mean current and
the spatial profiles are shown to be insensitive to Fc(ε) in the leading-order terms at high biases.
The asymptotic high-bias behavior for the energy resolved shot-noise suppression has been found
for an arbitrary (non-Poissonian) injection, which may suggest a new field of investigation on the
optimization of the injection energy profile to achieve the desired noise-suppression level.
I. INTRODUCTION
Randomness in the transmission of discrete charge car-
riers in mesoscopic conductors leads to the fluctuations of
the electric current called shot noise.1,2 Recently, shot-
noise measurements are emerging as an important tool
to probe carrier interactions in mesoscopic systems.3 As
interactions between electrons can regulate their motion,
this effect may be detected in the shot-noise reduction,
but cannot be deduced from time-averaged dc measure-
ments. Usually, the shot-noise level is said to be reduced
when its spectral density is lower in respect to the Pois-
sonian value SPoissonI = 2qI, which is characteristic for
transmission of uncorrelated carriers. (Here, q is the elec-
tron charge and I is the mean current.) The sub-Poisson
shot noise could arise due to the Pauli exclusion princi-
ple or Coulomb interactions. The diversity of examples
is available from recent reviews.1,2
A matter of particular interest is the significance
of Coulomb interactions in scattering-free or ballistic
conductors.4–7 This subject is important not only from a
fundamental, but also from an applied point of view. In-
deed, as the dimensions of practical electronic devices are
scaled down, the ballistic component in carrier motion
becomes dominant.8 Then, unavoidable electric charge
of carriers and their redistribution across the device both
give rise to the charge-limited ballistic transport. Based
on ballistic transport, a variety of new electronic de-
vices is currently discussed in view of future applications
to ultralarge scale integrated circuits, logic, and mem-
ory technology,9–12 and new experimental techniques,
like ballistic electron emission spectroscopy, have already
been realized.13,14 In charge-limited ballistic conductors
the shot-noise measurements may become one of the ma-
jor tools not only to identify the ballistic transport, but
also to probe carrier interactions and other electronic
properties.
In the absence of scattering, the transport and noise
properties of ballistic conductors are determined, to a
great extent, by the contacts (emitters). When the in-
jecting contact is in a local equilibrium and the elec-
tron density injected into a ballistic conductor is low,
the electron gas is nondegenerate and described by the
Maxwell-Boltzmann distribution function. In this case,
the injected electrons are statistically independent obey-
ing the Poissonian statistics. The self-consistent the-
ory of shot-noise suppression due to Coulomb interac-
tions for this type of ballistic injection has been recently
developed.7 However, in nanoscale devices the injected
carriers may be degenerate, or income from an emitter
with an extremely nonequilibrium distribution, like in
a hot-electron transistor, resonant-tunneling-diode emit-
ter, superlattice emitter, etc. (see, e.g., Refs. 15–19).
The incoming carriers may be correlated a priori and
follow non-Poissonian statistics.
The main purpose of the present paper is to develop a
self-consistent theory of shot noise in two-terminal bal-
listic space-charge-limited conductors with an arbitrary
injection energy distribution Fc(ε), which would also be
valid for any given correlation properties of injected car-
riers. To distinguish the pure effect of Coulomb inter-
actions on the shot-noise suppression, it will be conve-
nient to measure the noise-suppression level in respect to
the shot noise of non-Poissonian flow with disregarded
Coulomb interactions, rather than to the Poissonian 2qI
value. We have derived the analytical formulas that de-
termine the steady-state and noise characteristics in bal-
listic conductors under the action of Coulomb interac-
tions in the asymptotic limit of high biases. The time-
averaged quantities are found to be insensitive to Fc(ε)
in the leading-order terms, giving, in particular, the uni-
versal Child law for the mean current. In contrast, the
current noise is shown to be crucially dependent on Fc(ε),
with the noise suppression (caused by Coulomb inter-
actions) different for different injections. The derived
energy-resolved shot-noise suppression formulas indicate
1
the possibility to probe the injection energy profile of a
ballistic emitter in shot-noise measurements, thereby ob-
taining an important information not otherwise available
from time-averaged conductance measurements. On the
other hand, that information may help to optimize the
injection energy distribution to achieve the desired noise-
suppression level.
The paper is organized as follows. In Sec. II we intro-
duce the basic equations that describe the space-charge-
limited ballistic transport: the collisionless kinetic equa-
tion coupled self-consistently with the Poisson equation.
The obtained solutions allow us to find the analytical
formulas for the mean current and the current fluctua-
tion transmission expressed through the injection distri-
bution function Fc(ε). The shot-noise suppression factor
is calculated for some particular cases in Sec. III. Finally,
Sec. IV summarizes the main contributions of the paper,
whereas in the appendix we present mathematical details
concerning the derivation of the self-consistent potential
fluctuations.
II. TRANSPORT AND NOISE IN
SPACE-CHARGE-LIMITED BALLISTIC
CONDUCTORS
A. The physical model
Consider a two-terminal semiconductor ballistic sam-
ple with plane-parallel heavily doped contacts at x=0
and x=l. The structure may be considered as a n-i-
n heterodiode7 operating under a space-charge-limited
current regime in which the current is determined by a
charge injection from the contacts rather than by intrin-
sic carriers of the ballistic region. The applied bias U
between the contacts is assumed to be fixed by a low-
impedance external circuit. In order to simplify the prob-
lem, we assume that due to the large difference in the
carrier density between the contacts and the sample, and
hence in the corresponding Debye screening lengths, all
the band bending occurs in the ballistic base, and there-
fore the relative position of the conduction band and the
Fermi level εc − εF does not change in the contacts. For
such a modeling, all of the potential drop takes place
exclusively inside the ballistic base and the contacts are
excluded from the consideration.5–7 In contrast to Refs.
5–7, the injected carriers are not restricted to follow a
thermal equilibrium distribution, their distribution is an
arbitrary function determined by the particular prop-
erties of the emitter. Assuming the transversal size of
the conductor sufficiently thick and high enough electron
density, the electrostatic problem may be considered in
a one-dimensional plane geometry.7
B. Distribution function and its fluctuation in a
self-consistent field
A semiclassical ballistic transport is described by the
collisionless kinetic equation for the time-dependent dis-
tribution function F˜ (x, kx, t) coupled self-consistently
with the Poisson equation for the electrostatic potential
ϕ˜(x, t),(
∂
∂t
+
h¯kx
m
∂
∂x
+ q
dϕ˜
dx
∂
h¯∂kx
)
F˜ (x, kx, t) = 0, (1)
∂2ϕ˜
∂x2
=
q
κ
∫
F˜ (x, kx, t)
h¯dkx√
2m
, (2)
where κ is the dielectric permittivity, and m the electron
effective mass. Since during the ballistic motion only the
longitudinal momentum kx may vary, we use the elec-
tron distribution function averaged over the transversal
momentum k⊥ according to
F˜ (x, kx, t) =
√
2m
h¯
∫
dk⊥
(2π)d
f(x, kx,k⊥, t), (3)
where d is the dimension of a momentum space and
f(x, kx,k⊥, t) is the occupation number of a quantum
state at the cross section x. The additional multiplication
factor
√
2m/h¯ in the integral (3) is introduced for fur-
ther normalization convenience. Under the space-charge-
limited transport conditions, the distribution function F
and the space charge in the Poisson equation (2) are de-
termined by the electrons injected from the contact. Due
to the stochastic nature of the injection, the distribution
function F˜ (x, kx, t) = F (x, kx) + δF (x, kx, t) and the po-
tential ϕ˜(x, t) = ϕ(x) + δϕ(x, t) fluctuate in time around
their time-averaged values. The nonuniform distribution
of the injected carriers creates the potential minimum
ϕ˜m(t) at a position x = xm, which also fluctuates. It
is the potential minimum fluctuations, that leads to the
suppression of the injected current fluctuations.7 We as-
sume that the applied bias is much larger than the char-
acteristic energy spreading of injected electrons, so that
the current injection from the second (receiving) contact
is negligible. Another assumption is Um ≪ U < Ucr,
where Um ≡ −ϕm, and Ucr is the bias at which the po-
tential barrier vanishes.20 This assumption may be ful-
filled under the condition of a strong screening that corre-
sponds to the so-called “virtual cathode” approximation,
when the potential minimum is so close to the contact,
that one can disregard the region between the contact
and the minimum.7 In this limit, only those electrons
that are able to pass over the fluctuating barrier (trans-
mitted electrons), contribute to the current and noise.
It is advantageous to use as a variable in the equa-
tions, instead of the kinetic energy, the total energy
ǫ = h¯2k2x/(2m) − Φ(x), where Φ(x) ≡ qϕ(x) − qϕm is
the mean potential referenced to the minimum. By such
a definition, Φ(x) > 0 in all the region (which is con-
venient for further consideration), whereas the potential
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energy −Φ(x) is negative. Equation (1), for the station-
ary case (∂/∂t=0), in terms of these variables may be
written as (∂/∂x)F (x, ǫ)=0. Its solution, being invari-
ant on x, is expressed simply through the distribution
function at the injecting contact Fc
F (ǫ) = Fc(ǫ+Φc) θ(ǫ), (4)
where Φc ≡ Φ(0) is the potential at the contact, and
the Heaviside step function θ(ǫ) establishes the lower
bound for the transmitted electrons. The fluctuation δF
is found from linearization of Eq. (1) around the mean
values. Equivalently, one may just perturb the steady-
state solution (4) as a compound function, and get
δF (ǫ) = δFc(ǫ +Φc) θ(ǫ) +
∂Fc(ǫ+Φc)
∂ǫ
(δǫ + δΦc) θ(ǫ)
+Fc(ǫ+Φc)
∂θ(ǫ)
∂ǫ
δǫ. (5)
Taking into account that the perturbation of the total
energy ǫ is related to the perturbation of the potential
by δǫ=−δΦx and using the property ∂θ(ǫ)/∂ǫ=δ(ǫ), one
finally obtains21
δF (ǫ) = δFc(ǫ +Φc) θ(ǫ)− Fc(Φc) δΦx δ(ǫ)
+
∂Fc(ǫ+Φc)
∂ǫ
(δΦc − δΦx) θ(ǫ). (6)
The self-consistent potential fluctuations are defined as
δΦx ≡ qδϕ(x) − qδϕm, δΦc ≡ δΦ0. This means that
δΦx is measured in a frame referenced to the fluctuating
potential minimum (δΦxm=0). It is clear, that in such
a consideration the contact potential and its fluctuation
are related to the potential barrier height according to
Φc = qUm, δΦc = qδUm.
Equations (4) and (6) should now be substituted into
the Poisson equations for Φ(x) and δΦx, correspondingly,
to find the self-consistent potential profile and its fluctu-
ation.
C. Steady state
First, we find the mean electron density as a func-
tion of the potential Φ by integrating F over the mo-
mentum kx and changing the variable of integration
dkx = (
√
2m/h¯)(dǫ/2
√
ǫ+Φ), we obtain
N(Φ) =
∫
∞
0
Fc(ǫ+Φc)
dǫ
2
√
ǫ+Φ
. (7)
Then, we solve the Poisson equation d2Φ/dx2 =
(q2/κ)N(Φ), subject to the boundary conditions at the
minimum Φ(xm)=0, and at the receiving contact Φl ≡
Φ(l) = q(U +Um). First integration leads to the electric-
field distribution
E(Φ) = −1
q
dΦ
dx
= −
√
2q
κ
√
h(Φ), (8)
where
h(Φ) =
∫ Φ
0
N(Φ˜)dΦ˜ =
∫
∞
0
Fc(ǫ +Φc)(
√
ǫ+Φ−√ǫ)dǫ
= F0
√
Φ−F1 + F2
2
√
Φ
+O
(
1
Φ3/2
)
, Φ→∞, (9)
Fj(Φc) =
∫
∞
0
Fc(ǫ +Φc)ǫ
j/2dǫ, j = 0, 1, 2, . . . . (10)
The similar expansion for the electron density is given by
N(Φ) =
d
dΦ
h(Φ) =
F0
2
√
Φ
− F2
4Φ3/2
+O
(
1
Φ5/2
)
. (11)
Integration of Eq. (8) with the expansion (9) yields at
xm ≪ x <∼ l
Φ3/2
[
1 +
3F1
F0
1√
Φ
]
≈ 9
8
q2F0
κ
(x− xm)2. (12)
This equation, taken at x=l, may then be used to find
the mean current
I =
qA√
2m
∫
∞
0
Fc(ǫ+Φc)dǫ =
qA√
2m
F0
≈ 4
9
κA
√
2q
m
(U + Um)
3/2
(l − xm)2
[
1 +
3F1
F0
1√
q(U + Um)
]
, (13)
where A is the cross-sectional area. Here, the leading
factor ∼ U3/2 (if one neglects xm, Um with respect to l,
U , respectively) is the Child current, which corresponds
to what would be expected if all the electrons are in-
jected with zero initial velocity. It is independent of the
injection, but it is a function of the applied bias U , the
length l, and the parameters of the material (the dielec-
tric permittivity κ, the effective mass m). The next-
order term ∼ U contains information about the injec-
tion distribution function and gives the correction due to
the spread of electron momenta at the minimum, since
F1/F0 = (h¯/
√
2m)〈k2x〉/〈kx〉, where we denote the aver-
age values at the minimum by angular brackets. For the
case of the Maxwellian injection, Fc(ǫ) ∝ exp(−ǫ/kBT ),
this ratio becomes F1/F0 =
√
πkBT/2, and formula (13)
leads to the Langmuir formula for a vacuum diode.7,22
From Eq. (12), one can get the asymptotic formula for
the potential profile ϕ3/2(x) = 94
√
m/2q(I/κA)x2. Sub-
stituting the Child current, one obtains the universal be-
havior ϕ(x) = U (x/l)4/3, at xm ≪ x ≤ l, independently
of the injection. The other quantities of interest tend
to the following distributions: E(x) = − 43 (U/l)(x/l)1/3,
N(x) = 49 (κU/ql
2)(x/l)−2/3. It is seen, that the time-
averaged quantities, such as the mean current and the
spatial profiles, asymptotically at high biases are nonsen-
sitive to the injection distribution function. (Electrons
coming to the receiving contact with the energies much
higher than their injecting energies forget about their
initial spreading.) The injection distribution gives just a
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small correction to the lower-order terms, which however
may be essential at intermediate biases. In contrast, the
current noise is sensitive to the injection distribution in
the leading-order terms, which decrease with bias, as will
be demonstrated below.
D. Current fluctuations
The current fluctuation is obtained by integrating over
the energy the fluctuation of the distribution function (6)
δI =
qA√
2m
∫
∞
0
δFc(ǫ+Φc)dǫ− qA√
2m
Fc(Φc)δΦc
≡
∫
∞
0
δIc(ǫ +Φc)dǫ+ δICoul. (14)
Here, δIc(ǫ) is the partial injected current fluctuation in
a unit of energy. The last term δICoul, which is the
current fluctuation caused by the long-range Coulomb
interactions, may also be expressed more generally as
δICoul = (∂I/∂Φc)δΦc = (∂I/∂Um)δUm, reflecting the
modulation effect of the potential barrier fluctuations.
To find that term, we need to obtain δΦc as a function
of the injected fluctuations δFc, by solving the Poisson
equation.
Integrating Eq. (6) over the momentum kx, one gets
the electron-density fluctuation as a sum of two contri-
butions, δN = δN inj + δN ind, where the injected part
δN inj(Φ) =
∫ ∞
0
δFc(ǫ+Φc)
dǫ
2
√
ǫ+Φ
, (15)
and the induced part
δN ind(Φ) = (δΦc − δΦx)
∫ ∞
0
∂Fc(ǫ+Φc)
∂ǫ
dǫ
2
√
ǫ+Φ
−δΦxFc(Φc)
2
√
Φ
=
dN
dΦ
δΦx −
(
dN
dΦ
+
Fc(Φc)
2
√
Φ
)
δΦc. (16)
Substitution to the Poisson equation yields
LˆδΦx ≡
[
d2
dx2
− q
2
κ
dN
dΦ
]
δΦx
= −q
2
κ
(
dN
dΦ
+
Fc(Φc)
2
√
Φ
)
δΦc +
q2
κ
δN inj(Φ). (17)
By solving this equation with the boundary condi-
tions δΦxm=0, δΦl=δΦc (see the appendix) we find the
Coulomb correlation term in the form
δICoul =
−
∫
∞
0
δIc(ǫ+Φc)
[
1− 3√
qU
(√
ǫ− Nm
Fc(Φc)
)]
dǫ, (18)
where Nm is the electron density at the potential mini-
mum. Substitution of the found expression for δICoul into
Eq. (14) for the total current fluctuation shows, that the
leading-order terms, which do not depend explicitly on
bias, are canceled, i.e., the injected current fluctuation is
suppressed. The remaining contribution
δI =
3√
qU
∫
∞
0
[√
ǫ− Nm
Fc(Φc)
]
δIc(ǫ+Φc)dǫ (19)
is ∝ U−1/2. We rewrite this expression in the form
δI =
∫
∞
Φc
γ(ε)δIc(ε)dε, (20)
in which the effect of the interactions is summarized by
the quantity γ(ε) determined by
γ(ε) =
3√
qU
[√
ε− Φc − υ(Φc)
]
, (21)
and the introduced energy ε = ǫ+Φc corresponds to the
(longitudinal) kinetic energy of electrons at the injecting
contact. The constant υ in Eq. (21) is the characteristic
velocity given by
υ(Φc) =
Nm
Fc(Φc)
=
1
Fc(Φc)
∫ ∞
Φc
[
−∂Fc
∂ε
]√
ε− Φcdε. (22)
The main result, which follows from the derived expres-
sion (21), is that γ(ε) is a decreasing function of the
applied bias U . With higher bias, a larger suppression
of the current fluctuations is expected. Another impor-
tant conclusion is that the suppression effect is different
for different injection shapes Fc(ε). The dependence on
Fc(ε) is summarized by the characteristic velocity υ de-
termined by Eq. (22). Note, that the function γ(ε) has
a meaning of the current fluctuation transfer function,7
and in general may be as positive, as negative depending
on the particular energy ε. In the absence of correlations,
γuncor(ε) = θ(ε−qUm), that means the fluctuations of all
energies above the barrier height qUm are equally trans-
mitted.
Having found the current fluctuation δI expressed
through the injected current fluctuations δIc(ǫ), the
current-noise spectral density may then be obtained from
Eq. (20) as
SI∆f =
∫
∞
Φc
∫
∞
Φc
γ(ε)γ(ε′)〈δIc(ε)δIc(ε′)〉dεdε′. (23)
Here, ∆f is the frequency bandwidth (we assume the
low-frequency limit), and in such a presentation the func-
tion γ(ε) plays the role of the energy resolved shot-noise-
suppression factor.
The incoming electrons may be correlated in energy a
priori due to the properties of an emitter. In general case
of non-Poissonian injection, one can define the shot-noise-
suppression factor due to a pure Coulomb suppression by
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ΓC =
∫
∞
Φc
∫
∞
Φc
γ(ε)γ(ε′)〈δIc(ε)δIc(ε′)〉dεdε′∫∞
Φc
∫∞
Φc
〈δIc(ε)δIc(ε′)〉dεdε′
, (24)
which can be easily found when the properties of injected
carriers are given.
For the particular case when the injected carriers of
different energies are uncorrelated,
〈δIc(ε)δIc(ε′)〉 = K(ε)(∆f)δ(ε− ε′), (25)
the shot-noise suppression factor (24) is simplified to
ΓC =
∫
∞
Φc
γ2(ε)K(ε)dε∫∞
Φc
K(ε)dε
. (26)
Furthermore, for the Poissonian injection, the prop-
erty of the kernel K is such that K(ε) ∝ Ic(ε) ∝ Fc(ε).
Hence, one can find
ΓPoisson =
∫∞
Φc
γ2(ε)Fc(ε)dε∫
∞
Φc
Fc(ε)dε
→ SI
2qI
. (27)
Depending on the injection, one of the expressions (24),
(26), (27) can be used together with the function γ(ε)
given by Eq. (21) to evaluate the shot-noise suppression-
level in ballistic space-charge-limited conductors under
the action of Coulomb interactions. Note that the for-
mula for γ(ε) is valid for any given energy distribution
and statistical properties of the injected carriers under
the condition of a high bias, that is U ≫ Um and U much
larger than the characteristic energy spreading of injected
electrons. The upper bound for the bias is however re-
stricted by the condition of the existence of the potential
barrier U < Ucr (space-charge-limited transport). Both
conditions may be fulfilled simultaneously under a suffi-
ciently strong screening, i.e., the length of the conductor
should be much larger than the characteristic screening
length.7
III. EXAMPLES
To illustrate the implementation of the results, we con-
sider some examples. For the Maxwell-Boltzmann (MB)
injection distribution (nondegenerate equilibrium elec-
tron gas is injected) we obtain υ =
√
πkBT/2, i.e., it
only depends on the temperature of the injected elec-
trons, but otherwise is independent of the material pa-
rameters, since its dependence on the barrier height is
canceled out. For this case Eq. (21) gives
γMB(ε) = 3
√
kBT
qU
(√
ε− Φc
kBT
−
√
π
2
)
, (28)
which coincides with the formula derived by North.7,23
The corresponding shot-noise-suppression factor follows
from Eq. (27)
ΓMB = 9
(
1− π
4
) kBT
qU
. (29)
For a quantitative estimation consider the heterodi-
ode with GaAs contacts and an Al0.05Ga0.95As ballis-
tic base.24 For the contact doping 4 × 1016cm−3 at
T=50 K, we obtain the injected electron density about
7.25× 1014cm−3 which corresponds to the Debye screen-
ing length LD=46 nm. Then for the 1.5µ-length diode
and U ≈ 45kBT/q, the noise-suppression level estimated
from the exact solutions24 gives ΓMB ≈ 0.04, which is
close to the value calculated from the asymptotic formula
(29).
Now we shall demonstrate, that the shot-noise sup-
pression level may be achieved even deeper than that
given by Eq. (29) for the MB case, without involving any
other correlations (like the Pauli exclusion principle) in
addition to the Coulomb correlations. The higher sup-
pression may be achieved by modifying the energy pro-
file for the injected carriers. Consider the heterodiode
under the same set of parameters considered above, in
which, in addition to the Maxwell-Boltzmann injection,
nonequilibrium carriers are injected from a specially de-
signed emitter, so that the injected distribution function
has an additional peak at the energy ε0 [see inset of Fig.
1(b)]. According to our theory, these additional electrons
do not change the current-voltage characteristics much.
Its asymptotic behavior is again the Child law. How-
ever, the noise properties change significantly depending
on the parameters of the electron-energy peak, its mag-
nitude, position, etc. In particular, the noise-suppression
level may be obtained lower or higher than the MB shot
noise by simply shifting the position of the peak (of the
emitter) in respect to the potential barrier.
Let us assume that the width of the peak is narrow on
the scale of the temperature T . For simplicity, we model
it first by a δ function (monoenergetic electrons)
Fc(ε) ∝ e−ε/kBT + α˜ kBT δ(ε− ε0) (30)
The injected carriers, from both the Maxwellian tail and
the peak, are assumed to be uncorrelated, so that Eq.
(27) can be applied. Thus, for the distribution (30) one
gets the (normalized) characteristic velocity (22) as
w ≡ υ√
kBT
=
√
π
2
(
1 +
α√
πξ
)
, (31)
where α = α˜eΦc is the ratio between the two currents:
from the δ peak and from the MB exponential tail, and
ξ = (ε0 −Φc)/(kBT ) is the dimensionless position of the
peak. The shot-noise-suppression factor is then obtained
as
Γ = 9
kBT
qU
1− w√π + w2 + α(√ξ − w)2
1 + α
. (32)
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FIG. 1. The shot-noise-suppression level Γ (caused by
Coulomb interactions) for the Maxwell-Boltzmann injection
with an additional peak at ε=ε0 (shown in the inset) with re-
spect to the case when no peak is present. The ratio Γ/ΓMB is
shown as a function of the peak position ξ = (ε0−Φc)/(kBT ).
(a) the peak parameter α is varied. The results are compared
for two different shapes of the peak: δ function given by Eq.
(30) (symbols); Gaussian function given by Eq. (33) for σ=0.2
(lines). (b) the Gaussian peak case: the width of the peak σ
is varied, while α=0.6 is fixed.
In the limit when the electron-energy peak vanishes,
α→ 0, formula (32) is reduced to the suppression factor
(29) for the MB injection. We have studied how Γ de-
viates from ΓMB when the peak current α and the peak
position ξ are varied. The results are illustrated in Fig.
1(a). The dependence of Γ/ΓMB on ξ was found to be
nonmonotonic displaying a minimum. In some range of
ξ around the minimum, Γ/ΓMB < 1, that means the
additional electron-energy peak at the injecting contact
results in a less noisy transmission, than in the case of
its absence. The minimal noise is observed for α ≈ 0.6,
for which we find Γ/ΓMB ≈ 0.814 at ξmin ≈ 1.45. As
follows from Fig. 1(a), the most effective noise suppres-
sion occurs when the peak is about 1–2 kBT above the
barrier. When it is higher in energy, or too close to the
barrier position (ε0 − Φc <∼ kBT ), the noise is enhanced
in respect to the MB case (although it may still be below
the Poissonian value).
The analysis for other shapes of the peak shows that
the results are similar to those for the δ peak. As an ex-
ample, we present here the results for the case when the
peak is modeled by the Gaussian distribution function
Fc(ε) ∝ e−ε/kBT + ̺ e−(ε−ε0)
2/(σkBT )
2
, (33)
where the factor ̺ is defined by ̺ = 2α˜/{σ√π[1 +
erf(ε0/σkBT )]}. By such a definition, the parameter
α = α˜eΦc gives again, as in the previous case, the ratio
between the current originated from the Gaussian peak
and that from the MB tail. A comparison between the
two cases is presented in Fig. 1(a). It is seen, that at
high values of ξ the results for the noise suppression for
both cases of the Gaussian and δ peak coincide. It can be
shown, that this occurs at ξ >∼ 5σ. Hence, when the peak
width σ < (ξmin/5) ≈ 0.3, the minimal noise occurs at
the same peak position ξmin, independently of the value
of σ. The information on the peak width is presented,
however, in the noise-suppression curves at low values of
ξ. While Γ for the δ peak case diverges at ξ → 0, due to
a singularity of the δ function, the noise suppression fac-
tor for the Gaussian-peak case exhibits a local maximum
[see Figs. 1(a) and 1(b)]. The magnitude of this noise
enhancement (in respect to the MB case) depends on σ:
the narrower the peak, the larger the noise enhancement
and the closer is the location of the maximum to the
potential barrier energy [see Fig. 1(b)].
Summarizing this example, to observe the lower noise
level for nondegenerate ballistic electrons, the additional
(to the MB tail) electrons should be injected with the
energy about 1.45 kBT above the potential barrier. This
value is independent of the energy spreading of the
“peak” electrons once the latter is less than 0.3 kBT .
The optimal ratio between the current from the “peak”
electrons and the MB electrons is about 0.6.
It is seen, that the shot noise contains important infor-
mation on: (i) the injection energy profile, and (ii) the
parameters of the injected space charge, such as the po-
tential barrier height and the electron density Nm at the
barrier position. Therefore, noise measurements may be
used as a tool to study those characteristics.
IV. SUMMARY
In conclusion, we have presented a self-consistent the-
ory of transport and current noise in two-terminal bal-
listic space-charge-limited conductors under the action
of Coulomb interactions. We have derived the analyti-
cal formulas that account for the non-Poissonian injec-
tion with arbitrary distribution function and correlation
properties of injected electrons, and these may be used
to estimate: (i) the mean current beyond the Child ap-
proximation with a next-order term specific of the in-
jection distribution function; (ii) the current-noise spec-
tral density under the action of Coulomb interactions,
which depends in the leading-order terms on the injec-
tion distribution function and decreases with bias; (iii)
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the noise-suppression factor in respect to the injected
non-Poissonian electron flow.25
The obtained analytical formula for the energy-
resolved shot-noise suppression may suggest a new field
of investigation on the optimization of the injection en-
ergy profile to achieve the desired noise suppression level.
The presented examples clearly show, that the noise-
suppression level may be controlled by monitoring the
injection energy profile.
The sensitivity of the noise-suppression level to the in-
jection parameters opens up new perspectives in shot-
noise measurements as a tool not only to identify the
ballistic transport in mesoscopic conductors, but also to
reveal an important information on the injection energy
profile and the level of Coulomb interactions in the struc-
ture. Experiments have succeeded recently in observing
shot noise in ballistic quantum point contacts26,27 and
some other mesoscopic systems (see, e.g., Refs. 28–30).
We believe, that it would be similarly possible to mea-
sure the shot noise in space-charge limited ballistic con-
ductors.
Additionally, it is important to emphasize the differ-
ence between the asymptotic behavior of the shot noise
in diffusive and ballistic systems under the presence of
a space charge. In the former case the noise-suppression
level is limited by the constant, specific of the dominat-
ing scattering mechanism,31–34 while in the latter the
suppression may be arbitrarily strong, which may be im-
portant from the point of view of possible applications.
ACKNOWLEDGMENTS
This work was partially supported by the Generali-
tat de Catalunya, Spain, and the NATO linkage grant
HTECH.LG 974610.
APPENDIX A: DERIVATION OF THE
SELF-CONSISTENT POTENTIAL
FLUCTUATIONS
The second-order differential equation (17) with spa-
tially dependent coefficients can be solved explicitly for
δΦx.
7,35 Here, we need just the value of δΦc, which has
entered explicitly into the nonhomogeneous part and can
be obtained by applying the Green’s theorem for the self-
adjoint operator Lˆ∫ l
xm
[u(x)LˆδΦx − δΦxLˆu(x)]dx
=
(
u(x)
dδΦ
dx
− δΦx du
dx
)∣∣∣∣
l
xm
. (A1)
It is convenient to chose the function u(x) as a solu-
tion of the homogeneous equation Lˆu(x)=0 satisfying the
boundary condition u(l)=0. This gives
− δΦc q
2
κ
∫ l
xm
u
(
dN
dΦ
+
Fc(Φc)
2
√
Φ
)
dx+
q2
κ
∫ l
xm
u δN injdx
= −u′(l)δΦc − u(xm)δΦ′xm , (A2)
where prime stands for the derivative on x. It can
be shown, that at large U , both terms in the right-
hand side of Eq. (A2) may be neglected. Indeed,36
u′(l)=1/E(l)=O(Φ
−1/4
l ) → 0, at Φl → ∞. The term
u(xm)δΦ
′
xm may be evaluated from the matching with
the expression similar to Eq. (A2) for the adjacent re-
gion 0 < x < xm. It occurs to be O(1) at Φl → ∞, and
hence gives negligible contribution in respect to the lead-
ing terms O(Φ
3/4
l ) (see below). Changing the variable of
integration dx=−dΦ/(qE) , one gets
δΦc
∫ Φl
0
u
E
(
dN
dΦ
+
Fc(Φc)
2
√
Φ
)
dΦ =
∫ Φl
0
u
E
δN inj dΦ. (A3)
In this equation the integrals may be integrated by parts
in a similar way
∫ Φl
0
u
E
dGi
dΦ
dΦ =
( u
E
Gi
)∣∣∣Φl
0
−
∫ Φl
0
Gi
d
dΦ
( u
E
)
dΦ (A4)
=
1
q
∫ Φl
0
Gi
E3
dΦ, i = 1, 2,
with
G1(Φ) = N(Φ)−N(0) + Fc(Φc)
√
Φ, (A5)
G2(Φ) =
∫ ∞
0
δFc(ǫ+Φc)(
√
ǫ+Φ−√ǫ) dǫ. (A6)
Notice, that the first term in right-hand side of Eq. (A4)
is zero, since at the upper limit u(Φl)=0, and at the lower
limit we have Gi(Φ) ∼ Φ, E(Φ) ∼
√
Φ at Φ → 0, and
u(0) = κ/[qN(0)] is finite. In the second integral of Eq.
(A4) we have used36
d
dΦ
( u
E
)
= − 1
qE
d
dx
( u
E
)
= − 1
qE3
. (A7)
Thus, Eq. (A3) becomes
δΦc
∫ Φl
0
Nm −N(Φ)− Fc(Φc)
√
Φ
E3(Φ)
dΦ
=
∫ ∞
0
dǫδFc(ǫ+Φc)
∫ Φl
0
dΦ
√
ǫ+Φ−√ǫ
E3(Φ)
, (A8)
where Nm ≡ N(Φ=0) is the electron density at the po-
tential minimum. At the high-bias limit Φl → ∞, by
using Eqs. (8)–(11), one obtains
∫ Φl
0
Nm −N(Φ)− Fc(Φc)
√
Φ
E3(Φ)
dΦ =
4
3
Φ
3/4
l Fc(Φc)
×
[
1 + 3
(
3F1
2F0 −
Nm
Fc(Φc)
)
Φ
−1/2
l +O(Φ
−1
l )
]
, (A9)
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∫ Φl
0
√
ǫ +Φ−√ǫ
E3(Φ)
dΦ =
4
3
Φ
3/4
l
×
[
1 + 3
(
3F1
2F0 −
√
ǫ
)
Φ
−1/2
l +O(Φ
−1
l )
]
. (A10)
In the latter expansion it is assumed, that the range of
valuable injection energies is much less than the applied
bias, ǫ ≪ Φl. Substituting these expansions into Eq.
(A8), one obtains
Fc(Φc)δΦc =∫ ∞
0
δFc(ǫ +Φc)
[
1− 3√
Φl
(√
ǫ− Nm
Fc(Φc)
)]
dǫ, (A11)
which is used to find the Coulomb correlation term δICoul
in Eq. (14).
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